INTRODUCTION
Following the completion of genome sequencing projects for human and several other model organisms, efforts were under way to assign a function to specific genes. To understand the function of genes, their overexpression or inhibition is widely used. The zebrafish is a model system that is particularly suitable for such an approach because the large-scale rapid delivery of genetic constructs into the semitransparent embryos is possible. This allows for developmental analysis at a high level of resolution. The zebrafish has already become a useful system for the study of vertebrate genetics and development (1, 2) , human hereditary diseases (3), and infectious diseases (4) . In zebrafish, functional studies have relied on mutant analysis and/or inhibition of gene function by the injection of antisense morpholino oligonucleotides into the one-cell stage embryo (5) . While these approaches are very efficient, they are unfortunately limited to the analysis of early gene activity.
For studying later gene activity, electroporation is an attractive approach because early gene function can be bypassed. Initially, electroporation was limited to cells in culture (6) ; however, subsequently, electroporation conditions have been optimized, including the usage of square wave pulses of low voltage and long duration. This approach resulted in improved survival of chick retinal explants (7) and has been adapted for in vivo studies (8) .
Electroporating zebrafish embryos is not new, but previous attempts have been limited to early development or adult stages. Strategies to electroporate DNA into a whole embryo or sperm to generate transgenic zebrafish have been described (9, 10) ; however, for various reasons, these methods are not widely used. Recently, DNA electroporation into the zebrafish fin has been introduced (11) .
In contrast, effective in vivo electroporation of DNA into cells of the neural tube was established in chick and mouse embryos and more recently in Xenopus tadpoles (12) (13) (14) . In this case, the neural cavity was used as a DNA reservoir. The success of this approach has prompted electroporation of zebrafish genes into chick embryos (15) . Thus, a need to develop an efficient system of electroporation of DNA into specific regions of the late zebrafish embryo became apparent. The challenge for performing electroporation on zebrafish embryos is to ensure the successful delivery of DNA into target tissue without damaging the yolk cell (6) . Using the microinjection of DNA into the brain ventricles of the zebrafish embryo and performing electroporation in a modified conductivity chamber, where the position of the brain with respect to the electrode plate determines the direction of electroporation, we succeeded in expressing green fluorescent protein (GFP) in the brain with a high survival rate. This method provides another useful addition to the quickly growing list of attractive methodological approaches that make zebrafish an even better model for developmental studies.
MATERIALS AND METHODS

Materials
The plasmid was prepared using the QIAGEN Plasmid Maxi kit (Qiagen, Hilden, Germany), solubilized in water, and its concentration adjusted to 0.5 µg/µL.
Electroporation Chamber
The top three quarters of a Gene Pulser ® cuvette (Bio-Rad Laboratories, Hercules, CA, USA) ( Figure 1A ) with a 0.4-cm electrode gap were removed to improve the manipulation of the embryo. The chamber was half-filled with 1% molten agarose in Hank's buffer (137 mM NaCl, 5.4 mM KCl, 0.25 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 1.0 mM MgSO 4 , 4.2 mM NaHCO 3 , pH 7.2). To cast a well for the embryo, a blunt microinjection pipet ( Figure 1B ) was inserted vertically into the center of the chamber and held in place by Parafilm ® , which sealed the top of the chamber [tip diameter, 0.05 mm; outer diameter (o.d.), 1 mm; inner diameter (i.d.), 0.58 mm; length, 100 mm] (Sutter Instruments, Novato, CA, USA). After the agarose had set, the injection needle and Parafilm were removed. Troughs that were 1 mm wide were constructed adjacent to the electrode plates, and Hank's buffer was added to fill them ( Figure 1C ). The height of the well is important; for efficient electroporation into the brain, the head must protrude from the well. grown in Hank's buffer (full-strength) containing 0.2 mM 1-phenyl-2-thiourea (PTU) (Sigma, St. Louis, MO, USA) to inhibit pigment formation (16) . Before microinjection, zebrafish embryos were anesthetized with tricaine (Sigma) and placed dorsal-side up in wedge-shape wells made in 1% agarose and covered by Hank's buffer. For injection, we used a pipet (tip diameter, 0.02 mm) pulled from a glass microcapillary (o.d., 1 mm; i.d., 0.58 mm; length, 100 mm) (Sutter Instruments). Using the micromanipulator, the pipet was inserted as described in the Figure 1D legend. DNA was injected using the MPPI-2 pressure injection system (Applied Scientific Instrumentation, Eugene, OR, USA) until the neural tube was visibly distended. The injection volume depended on the age of the embryo (Table 1) . Each injected embryo was immediately transferred to the electroporation chamber.
Microinjection
Electroporation
Excess Hank's buffer was removed until it barely covered the head. The electroporation chamber was clamped tightly between the metal plates of the safety stand. The electro Square Porator ECM 830 (BTX ® ; Genetronics, San Diego, CA, USA) was used to generate square electric pulses ( Figure  1F ), phased 1 s apart. The conditions of electroporation are age-dependent (Table 1) . After electroporation, the embryos recovered in 40 × 12 mm (o.d. × height) soda-lime glass Petri dishes (Schott Glaswerke, Mainz, Germany) containing 2.5 mL of Hank's buffer with PTU.
Fluorescence Microscopy
The initial examination of the embryos was performed using the Olympus SZX12 stereomicroscope (Olympus, Tokyo, Japan) equipped with the ultraviolet lamp and GFP filter. For a detailed examination, the embryos expressing GFP were anesthetized in tricaine, mounted in 0.5% low melting agarose (CAMBREX, Rockland, ME, USA), and examined using the Axioplan 2 upright epifluorescence microscope (Carl Zeiss Light Microscopy, Göt-tingen, Germany) with a GFP filter. Images were taken with an AxioCam HRC digital camera (Carl Zeiss Vision GmbH, Hallbergmoos, Germany). High-resolution images were taken with an LSM510 confocal laser-scanning microscope (Carl Zeiss Vision GmbH).
Whole-Mount In Situ Hybridization
Embryos were processed for whole-mount in situ hybridization (17) using a digoxigenin-labeled (Roche Applied 
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Science, Mannheim, Germany) antisense GFP RNA probe. For cryosectioning, the embryos were embedded in molten Bacto™ agar (Difco, Detroit, MI, USA) and sectioned (18) .
RESULTS AND DISCUSSION
Optimization of Electroporation
Embryos (24 hpf) were used to optimize conditions for in vivo electroporation into the brain. To analyze transfection efficiency, we used pEGFPN2, a plasmid carrying the GFP gene downstream of the ubiquitous cytomegalovirus (CMV) promoter. By this stage, the neural tube is hollow and contains wider ventricles in the brain and a narrower central canal in the spinal cord. Therefore, after a single injection of DNA, which fills these cavities, the reporter vector could be electroporated anywhere in the brain. To determine the electroporation efficiency and embryo viability, embryos between 24-48 hpf were exposed to varying electroporation conditions (Table 1) . Successful electroporation into the brain was observed only when square pulses of 20 volts (V) or more were used. Lower voltage caused GFP expression in the skin only (data not shown). Maximal GFP expression in the nervous tissue was observed when 24 hpf embryos were electroporated. In this case, more than half of the embryos displayed intense expression (Table 1) . To electroporate 36-48 hpf embryos, the voltage was increased from 20 to 25 V. In these embryos, expression was more localized (data not shown).
GFP Expression After Electroporation
GFP signals were detected in the skin 2 h after electroporation, while GFP expression in the brain appeared after 4 h (data not shown). Maximal GFP expression was detected 12 hpf in the forebrain to hindbrain (Figure 2A ), midbrain to hindbrain ( Figure 2B) , and forebrain to midbrain (Figure 2, C-F) . GFP was expressed in a unilateral manner in all embryos (Figure 2, F-J) . The telencephalon was not targeted due to electroporation along the medial-lateral axis of the neural tube. GFP expression in the telencephalon can be seen when electroporation is applied along the anterior-posterior axis (22 V, 5 pulses, 55 ms/pulse) such that the telencephalon faced the anode. Telencephalic expression is often accompanied by intense bilateral GFP expression in the cerebellum. Overall, 18 embryos of 20 survived this operation. Seventy-seven percent of the embryos (14 of 18) expressed GFP in the telencephalon, and close to 40% (7 of 18) expressed GFP in the cerebellum. However, no expres- Note that each electroporation condition performed on each developmental stage was completed in a single experiment. Each embryo's anterior neural tube was positioned parallel to the electrode plate. As a result, all zebrafish embryos expressed EGFP in a unilateral manner. V, volts; hpf, hours post-fertilization; FB, forebrain; MB, midbrain; HB, hindbrain.
sion was seen in the anterior spinal cord when the embryo was placed in the opposite orientation, with the hindbrain facing the anode. Thus, our conditions favor electroporation into the brain. Whole-mount in situ hybridization using a digoxigenin-labeled anti-GFP riboprobe (Figure 2, E and F) recapitulated the pattern of GFP expression detected by fluorescent microscopy ( Figure 2, C and D) . The same embryo was sectioned, and gfp transcripts were detected in the dorsal diencephalon, including the left habenula ( Figure 2G) , and more posteriorly in the optic tectum and tegmentum of the midbrain (Figure 2H ). This means that the midbrain was electroporated at all levels along the dorsoventral axis. In addition, the SHORT TECHNICAL REPORTS cells of the skin were also gfp-positive ( Figure 2H ). These cells demonstrated a typical morphology of epithelial cells. In general, the fluorescence signal in the neural tube started to decline 3 days after electroporation. However, in a small subset of embryos, GFP fluorescence remained visible 10 days after electroporation (Figure 2, I and J) .
The morphology of embryos expressing GFP was examined under the confocal microscope 4 days post-electroporation (Figure 3 ). In this sample, the left side of the brain was targeted, and GFP-positive cells extended from the midbrain to the hindbrain ( Figure  3 , A-D). GFP-positive cells were detected in the medial and lateral region of the dorsal hindbrain ( Figure 3F ). We noticed that some of these cells had long processes ( Figure 3F, arrows) . This region of the brain contains premigratory neuroblasts and radial glial cells (RGCs). RGCs are characterized by long processes directed ventrally (19) . Therefore, in this case, the GFPpositive cells probably represent neuroblasts and RGCs. A second region of GFP expression was found ventrally in the region known to contain postmigratory differentiating neurons (18) . Therefore, expression of GFP was detected in the early and late neurons as well as RGCs. Thus, a combination of electroporation and 3-D in vivo imaging represents a powerful approach to study the differentiation of neurons and glial cells in zebrafish development.
The modification to the in vivo electroporation method presented here is substantially different from earlier attempts to use electroporation in the zebrafish. First, a DNA solution is injected into the brain. Second, the embryo is not in direct contact with the electrode plate. Importantly, only a small part of the embryo is exposed to the electric pulse so that only cells within the exposed region are transformed. The rest of the embryo remains within the agarose well, thus minimizing the effect of the electric field on the embryo. Using this method, multiple constructs can be delivered simultaneously into the embryo. Further complexity could be achieved by the introduction of bicistronic vectors used previously for injection into one-cell stage embryos (20) .
In summary, we have developed an efficient procedure for the electroporation of DNA into the brain of the zebrafish embryo. The success and reproducibility of our experiments were determined by four factors, (i) usage of a modified electroporation chamber instead of electrodes; (ii) the optimized injection volume; (iii) the ability to rotate the embryo within the well; and (iv) electroporation that immediately followed microinjection.
